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 General Introduction 
 
Environmental conditions change seasonally everywhere that insects live, 
and the seasonal changes in environmental conditions make diverse 
adaptations to control development in insects. Many insect species pass 
seasonally adverse periods in a state that is represented in arrest of growth 
and reproduction, and suppression of metabolism. This state is called 
“diapause” (Danilevskii, 1965; Danks, 1987). 
Development in insects as poikilotherms is greatly influenced by 
temperatures as metabolism is restricted by extreme high and low 
temperatures. However, diapause is different from quiescence that is a state 
of suppressed metabolism caused by a direct effect of such an adverse 
environmental factors (Lees, 1955; Danks, 1987). Insects predict the arrival 
of unfavorable conditions and enter diapause when the environmental 
conditions still suitable for development (Lees, 1955; Danilevskii, 1965; 
Danks, 1987). 
Various environmental factors are utilized as signals for regulation of 
seasonal development. Daylength is a dominant factor for the regulation of 
diapause in many insects, because its fluctuation is invariable between years 
and insects can precisely predict the onset of unfavorable seasons by its 
change (Lees 1955; Danilevskii 1965; Beck 1980; Tauber et al., 1986; Danks, 
1987). However, many other factors also have an affect on regulation of 
diapause, e.g., temperature, moisture, food resources and density (Danks, 
1987). Among others, temperature plays an important role. The temperature 
influences photoperiodic responses in many insects. In insects with long-day 
photoperiodic responses, critical daylength shifts to shorter as the 
temperature is higher (Danilevskii 1965; Tauber et al., 1986; Danks, 1987). 
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 Furthermore, temperature can be a dominant factor for the termination of 
diapause. Diapause in most insects usually ends spontaneously even under 
conditions that do not favor diapause development, although unnecessary 
prolongation of diapause and less synchronous termination of diapause may 
occur in such cases (Danks, 1987). Therefore, many insects utilize the 
environmental factors for synchronous initiation of postdiapause 
development (Tauber and Tauber 1976; Tauber et al., 1986; Danks, 1987). In 
many temperate species that enter diapause, low temperatures in winter 
hasten diapause development, and also help recognition of the temperature 
rise. Therefore, insects after overwintering can resume the development all 
together when temperatures rise in spring (Tauber et al., 1986; Danks, 1987; 
Hodek and Hodková, 1988). 
It is obvious that the insects monitor the environmental cues for the 
regulation of diapause and possess the mechanisms for the suppression and 
the subsequently resumption of development. Although the mechanisms for 
diapause regulation is well comprehended on the hormonal systems that 
direct the onset and the termination of diapause, and the theoretical 
properties of the clock mechanisms involved in insect photoperiodism 
(Denlinger, 1985; Saunders, 2002), much less is known about the molecular 
mechanisms involved. At the present, it is possible to draw the conclusion 
that diapause involves the silencing of many genes, but a small number of 
genes are uniquely expressed at this time (Joplin et al., 1990), and some of 
diapause-associated gene expression have actually been examined (Denlinger, 
2000, 2002). However, much of molecular mechanisms associated with 
diapause are still unknown. 
As mentioned above, it has been shown that insects rely on the 
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 environmental factors for the regulation of diapause. However, the effects of 
the environmental factors for the regulation of diapause and also the 
mechanisms of diapause regulation still do not reach the comprehensive 
understanding. I selected the blow fly, Lucilia sericata (Meigen) (Diptera: 
Calliphoridae) for examining the effects of the environmental factors on the 
regulation of diapause. This species is widely distributed in temperate 
regions of the world, especially in the Holarctic, and does not live in forests, 
but in human habitats (Wada et al., 1990). The animal materials, e.g., 
carcasses, carrions and feces, are dominant resources for breeding in L. 
sericata (Suenaga, 1959; Wada et al., 1990). It is known that some blow flies 
including L. sericata enter diapause and overwinter in the third, and final 
larval, instar after cessation of feeding, and the regulation of larval diapause 
is influenced by photoperiod and temperature as the environmental factors, 
and modified also by those of the parental generation (Cragg and Cole, 1952; 
Ring, 1967a, b; Vinogradova and Zinovjeva, 1972; Saunders et al., 1986; 
Saunders, 1987). Therefore, this species is suitable for understanding the 
complexity on the regulation of diapause in insects. However, the regulation 
of larval diapause in the blow flies is still understood fragmentarily. In the 
present study, I examined the effects of the environmental factors on the 
regulation of larval diapause in L. sericata in the following topics; the 
induction and the intensity of diapause (Chapter 1), the sensitive stages for 
the induction of diapause (Chapter 2), the termination of diapause (Chapter 
3) and gene expression associated with diapause (Chapter 4), for progressive 
understanding on the regulation of diapause in insects. 
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 Chapter 1 
 
Parental and Direct Effects of Photoperiod and Temperature on the 
Induction of Diapause 
 
Abstract 
 
Lucilia sericata shows a facultative diapause in the third, and final larval, 
instar after the cessation of feeding. The effects of photoperiod and 
temperature on the induction and duration of diapause were examined in 
parental (G0) and current (G1) generations. Insects of the G0 generation 
were reared under four combinations of conditions, involving two 
photoperiods, LD 16:8 and LD 12:12, and two temperatures, 25 and 20 °C. 
The G1 generation, present in the eggs laid by these insects, were transferred 
to 10 combinations of conditions, involving the above two photoperiods and 
five temperatures, 25, 20, 17.5, 15 and 12.5 °C. In the G1 generation, the 
time from hatching to cessation of feeding was significantly affected by 
temperature only, whereas the induction of diapause was influenced by both 
photoperiod and temperature experienced by the G0 as well as the G1 
generation. Short-day and low-temperature conditions in the G0 and in the 
G1 generation had diapause-inducing effects. In this species, it is likely that, 
for purposes of acquiring reliable seasonal information, induction of diapause 
is sensitive to environmental factors both in the G0 and G1 generations. The 
function of high-intensity diapause, induced by short-day conditions and high 
temperature in the parental generation, appeared to be the prevention of 
accidental pupariation in warm autumn weather. 
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 Introduction 
 
Many insect species rely on environmental factors (photoperiod, 
temperature and host availability) as a trigger for the induction of diapause. 
The diapause stage itself, or the stages before it, are usually most sensitive to 
environmental factors (Danks, 1987). Moreover, in some species, diapause is 
influenced by the environmental conditions experienced by a parental insect. 
Females that experience short-day conditions, low temperatures, or a scarcity 
of potential hosts tend to produce a high proportion of diapause offspring 
(Mousseau and Fox, 1998). 
One of the best-studied examples of parental induction of diapause is in 
the blow flies (Diptera: Calliphoridae) (Cragg and Cole, 1952; Ring, 1967a, 
b; Vinogradova and Zinovjeva, 1972; Saunders, 1987). Cragg and Cole 
(1952) first observed the parental effect in the regulation of larval diapause at 
the postfeeding stage in Lucilia sericata. The diapause incidence in the 
progeny of wild females increased as the winter approached, even though the 
progeny were reared under constant laboratory conditions. Ring (1967a) later 
showed that, when adults of L. caesar were kept under long-day conditions, 
larvae pupariated without delay, whereas adults maintained under short-day 
conditions produced diapause larvae. Moreover, Ring (1967b) and Saunders 
et al. (1986) showed that short-day conditions experienced by larvae 
themselves also had a diapause-inducing effect in L. caesar and L. sericata, 
respectively. 
In Calliphora vicina, larval diapause is induced by parental conditions, 
as it is in Lucilia spp., and larval duration in diapause individuals is also 
influenced parentally. Diapause duration is longer in the offspring of parents 
kept under short-day conditions compared to the offspring of parents kept 
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 under long-day conditions (Vinogradova, 1974; Saunders, 1987). 
In Lucilia spp. and C. vicina, the incidence and duration of diapause are 
influenced by parental and direct effects of environmental conditions on 
larvae (Cragg and Cole, 1952; Ring, 1967a, b; Vinogradova, 1974; Saunders 
et al., 1986; Saunders, 1987). However, the parental and direct effects of 
photoperiod and temperature have not yet been examined inclusively in a 
population. In the present study, the effects of these four combinations of 
factors on the incidence and duration of larval diapause are examined in L. 
sericata in a single study. 
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 Materials and Methods 
 
Insects 
A laboratory culture of L. sericata originating from adults captured on 
the campus of Osaka City University (34.7 °N, 135.5 °E), Japan, in 
September 1998, has since been maintained under LD 16:8 (16 h light and 8 
h darkness) at 25 °C (Tachibana and Numata, 2001), and their progeny was 
used in these studies. 
 
Experimental culture 
Insects of the parental (G0) generation were reared from eggs under four 
conditions, involving two photoperiods, LD 16:8 and LD 12:12, and two 
temperatures, 25 and 20 °C. Eggs laid by the G0 generation were transferred 
to 10 combinations of conditions, involving the above two photoperiods and 
five temperatures, 25, 20, 17.5, 15 and 12.5 °C. Temperature fluctuations did 
not exceed ±1 °C. Newly hatched larvae (G1 generation) were placed in a 
500-mL beaker with a 100 g of beef liver on dry wood chips. Mature larvae 
were transferred to a 500-mL beaker full of dry wood chips, and allowed to 
enter larval diapause or to form puparia. Newly formed puparia were counted 
and removed daily. 
 
Determination of diapause status 
Larvae that did not pupariate more than 10, 15, 19, 27 and 46 days after 
cessation of feeding were judged to be in diapause at 25, 20, 17.5, 15 and 
12.5 °C, respectively, depending on developmental rate at each temperature 
(Fig. 1). In the larvae judged to be in diapause, duration of the postfeeding 
stage was recorded. 
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 Results 
 
Development in the feeding stage 
Larval development from hatching until cessation of feeding depended 
on temperature, as is usually the case in poikilotherms (Fig. 1). The results of 
four-way analysis of variance (ANOVA) showed that the temperature of the 
G1 generation had a significant effect (P < 0.001), but none of the other 
factors or any two-factor interactions had a significant effect on the time 
from hatching to cessation of feeding (P > 0.05). The intercept of the 
regression line against temperature indicates that the stage had a lower 
developmental threshold of 9.06 °C, and the reciprocal of the slope was 
65.78 degree-days, which is the heat accumulation required for complete 
development. When both G0 and G1 generations were kept continuously 
under LD 16:8 at 25 °C, all the larvae pupariated within 10 days after 
cessation of feeding. Therefore, the larvae that had not pupariated 10 days 
after cessation of feeding at 25 °C were regarded to be in diapause. 
Subsequently, based on the assumption that there was no difference in 
temperature dependence of development between the feeding and 
postfeeding stages, the proper day of diapause census was calculated. 
 
Incidence of diapause 
Figure 2 shows the incidence of diapause under various combinations of 
photoperiod and temperature in the G0 and G1 generations. The experiment 
was repeated three times for each condition. Short-day conditions of LD 
12:12 and lower temperatures in both generations generally produced higher 
incidence of diapause. For example, when both generations were 
continuously kept under LD 12:12 at 20 °C, most larvae entered diapause. If 
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 the photoperiod of either generation was LD 16:8, or the temperature of 
either generation was 25 °C, a greater proportion of larvae developed without 
diapause. When the G1 generation was reared under lower temperatures, the 
incidence of diapause was comparatively high. However, even when the G1 
generation was reared at 12.5 °C, the photoperiod of both generations as well 
as temperature of the G0 generation had notable effects. Only when the G1 
generation was reared under LD 16:8 at 25 °C did the effect of the parental 
conditions become negligible and most larvae did not enter diapause. 
The results of four-way ANOVA after arcsine transformations show that 
the incidence of larval diapause was influenced by each of the four 
combinations of factors examined, and there was a significant difference in 
two-factor interaction only between the G0 photoperiod and the G1 
temperature (Table 1). 
In some groups, there were remarkable variations in the incidence of 
diapause among the three replications. For example, when the G0 generation 
was kept under LD 16:8 at 25 °C and their progeny was reared under LD 
16:8 at 17.5 °C, the incidence of diapause ranged between 0 and 84.9 % (Fig. 
2). Although the maternal age at oviposition ranged between 5 and 20 days, 
there was no significant correlation between the maternal age and the 
incidence of diapause after arcsine transformations (n = 120, r = 0.069, P > 
0.05), nor was there any significant correlation between the larval density 
and the incidence of diapause after arcsine transformations (n = 120, r = 
0.030, P > 0.05), although the number of wandering larvae in a beaker 
ranged between 41 and 614. 
 
Diapause duration 
The duration of the postfeeding stage was compared among diapause 
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 larvae under the four parental conditions. Although the postfeeding stage 
includes pre- and postdiapause periods, the duration of this stage can be 
regarded as an index of the duration of diapause. When the G1 generation 
was reared under LD 16:8, duration of the postfeeding stage in the progeny 
of each parental condition was longest when the temperature of the G1 
generation was at 17.5 °C (Fig. 3A). However, when the G1 generation was 
reared under LD 12:12, the duration of the postfeeding stage at 17.5 °C was 
shortest in the progeny from the G0 generation kept under LD 16:8 at 25 °C 
and under LD 12:12 at 20 °C (Fig. 3B). 
The effect of the G0 condition was not completely consistent among the 
conditions of the G1 generation. However, duration of the postfeeding stage 
was always longest in the progeny of the G0 generation kept under LD 12:12 
at 25 °C. The difference in duration of the postfeeding stage between this and 
each of the other three parental conditions was statistically significant in 
most cases (Fig. 3). 
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 Discussion 
 
Regulation of development in the feeding stage 
Although there are some species in which one or a few inductive 
light-dark cycles have a significant effect on photoperiodic responses 
(Bradshaw, 1969; Bowen et al., 1984; Hasegawa and Shimizu, 1987), a 
number of such cycles are required in most species (Saunders, 2002). This 
appears reasonable for the acquisition of reliable seasonal information. In 
many insects, the stage before the diapause stage is prolonged under 
diapause-inducing conditions (Clark and Platt, 1969; Yagi, 1975). Saunders 
(2002) suggested that protracted larval development under short-day 
conditions in Sarcophaga spp. is one of the variables that raises the incidence 
of pupal diapause because the larvae with longer development experienced 
more short-day cycles before the end of the sensitive period. L. sericata 
shows no such regulation in the development stage before diapause, and the 
duration of feeding larvae was only about 6 days at 20 °C, irrespective of 
their diapause destiny. It is likely that, for purposes of acquiring reliable 
seasonal information, induction of diapause in this species is sensitive to 
parental and direct effects of environmental factors, and diapause occurs 
without prolongation of the stage preceding it. 
 
Induction of diapause 
In L. sericata, short-day conditions and low temperatures in the parental 
generation produce a higher incidence of diapause in their progeny. These 
results are consistent with the results of Cragg and Cole (1952) showing that 
diapause incidence in the progeny of wild females increase as winter 
approaches even though the progeny are reared under constant laboratory 
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 conditions. Furthermore, Saunders et al. (1986) found that, in this species, 
short-day conditions in the parental generation have a diapause-inducing 
effect, although parental sensitivity to photoperiod is not apparent in their 
experiments. Additionally, Saunders et al. (1986) show that short-day 
conditions experienced by the larvae themselves, increase the incidence of 
diapause. The present results also show that in terms of diapause induction, 
the L. sericata larvae themselves are sensitive to photoperiod, and the 
incidence of diapause is increased by lower temperatures at which larvae are 
reared. 
Thus, the present results clearly show that the photoperiod and 
temperature conditions of both parental and current generations, respectively, 
influence the induction of larval diapause in L. sericata. In L. caesar, 
parental and direct effects of photoperiod on the induction of larval diapause 
are observed (Ring, 1967a, b). In C. vicina, all of the four factors examined 
in the present study are found to affect the induction of larval diapause, 
although the effects of these factors are shown by separate experiments with 
different geographic strains (Vinogradova and Zinovjeva, 1972; Saunders et 
al., 1986; Saunders, 1987; Vaz Nunes and Saunders, 1989; McWatters and 
Saunders, 1998). In the present study, the effects of all of the four factors are 
shown in a single experiment examining all combinations of the four factors. 
In L. sericata, short-day and low-temperature conditions in the parental and 
current generations synergistically act on the induction of diapause, and this 
responsiveness is probably allows acquisition of reliable seasonal 
information. 
There are remarkable variations in the incidence of diapause even under 
the same conditions. The progeny produced by older mothers in L. caesar 
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 and C. vicina tend to enter diapause (Ring, 1967b; Saunders, 1987; Nesin et 
al., 1995). However, in the present study, no effect of the maternal age on the 
incidence of diapause was observed in L. sericata. Furthermore, larval 
density does not appear to responsible for the variations in incidence of 
diapause in the present studies, although overcrowding results in escape from 
the diapause programme in C. vicina (Saunders et al., 1999). The variations 
in the incidence of diapause in L. sericata may be produced by genetic 
differences, although it is possible that the response is variable even in the 
same genetic strain. 
 
Regulation of diapause duration 
Although the postfeeding stage in diapause larvae consists of the periods 
of prediapause, diapause and postdiapause morphogenesis, the periods of 
prediapause and postdiapause morphogenesis depend only on the 
temperature of the current generation. Therefore, in L. sericata, it is apparent 
that the duration of diapause is influenced by the photoperiod and 
temperature experienced by both the parental and current generations. A 
parental effect on the duration of larval diapause has also been reported in C. 
vicina. The duration is longer when parental insects are kept under short-day 
rather than long-day conditions (Vinogradova, 1974; Saunders, 1987). 
Moreover, diapause duration is shorter in larvae produced by parents exposed 
to a temperature of 20 °C than in those produced by parents exposed to 15 °C 
(McWatters and Saunders, 1998). From these results, McWatters and 
Saunders (1998) note that high temperature and long-day conditions 
reinforce each other, shortening diapause duration in the next generation. 
However, in L. sericata, the parental effect on diapause duration is not as 
simple as that reported in C. vicina. When the parental temperature is 25 °C, 
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 diapause duration is longer in the progeny produced by parental insects kept 
under short-day conditions than in those produced by insects kept under 
long-day conditions. However, when the parental temperature is 20 °C, the 
effect of parental photoperiod is inverted. 
In L. sericata, diapause duration is influenced by photoperiod and 
temperature experienced by the larvae themselves, as reported in C. vicina by 
Vinogradova (1974). However, these effects vary with parental conditions in 
L. sericata. In the progeny produced by parental insects kept under LD 12:12 
at 25 °C, diapause duration is longest among all the larval conditions 
examined. The apparent function of the higher intensity of diapause induced 
by short-day conditions and high temperature in the parental generation is to 
prevent accidental pupariation in warm autumn. 
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 Chapter 2 
 
Maternal Induction of Diapause and Its Sensitive Stage 
 
Abstract 
 
Lucilia sericata has a facultative diapause in the third larval instar after 
cessation of feeding. Induction of the diapause is influenced by the 
photoperiod and temperature conditions experienced by insects in the 
parental generation as well as those experienced by larvae themselves. The 
sensitive stage of the parental generation for induction of diapause was 
examined using diapause-averting conditions of LD 16:8 at 25 °C and 
diapause-inducing conditions of LD 12:12 at 20 °C. Incidence of diapause in 
progeny was predominantly determined by the conditions experienced by the 
parents in adult stage. Moreover, the results of reciprocal crosses showed that 
only the mother’s experience is involved in the induction of diapause in the 
progeny. 
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 Introduction 
 
In many insects, diapause is influenced by the environmental conditions 
experienced by the parental generation (Danks, 1987; Mousseau and Dingle, 
1991). In blow flies, Calliphora vicina, Lucilia caesar and L. sericata 
(Diptera: Calliphoridae), parental influence on induction of diapause in the 
post-feeding larval stage has been well described (Cragg and Cole, 1952; 
Ring, 1967b; Vinogradova and Zinovjeva, 1972; Vinogradova, 1974; 
Saunders et al., 1986; Saunders, 1987; Chapter 1). Danks (1987) regarded in 
his monograph on insect dormancy that the parental sensitive stage for 
induction of diapause is the adult in these blow flies. Although it has been 
shown that adults are sensitive to environmental factors with regard to 
induction of diapause in their progeny (Ring, 1967b; Vinogradova and 
Zinovjeva, 1972; Vinogradova, 1974; Saunders, 1987), there is no evidence 
that the sensitivity is restricted to the adult stage. Moreover, the authors that 
showed parental effects on induction of diapause in these species regarded 
that the diapause of the progeny is regulated maternally, although both 
parents were kept under the same conditions in the experiments (Ring, 
1967b; Vinogradova and Zinovjeva, 1972; Vinogradova, 1974; Saunders et 
al., 1986; Saunders, 1987). In the present study, first the developmental stage 
of the parental generation sensitive to environmental conditions is examined 
with respect to induction of diapause in the progeny, and then the roles of 
both the male and female parents are evaluated in L. sericata. 
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 Materials and Methods 
 
Insects 
Adults of L. sericata were captured in September 2001, and their 
progenies were used for the experiments (for further methodology, see 
Chapter 1). Larvae were reared in a 500-ml beaker on an artificial diet 
(Tachibana and Numata 2001), and mature larvae were transferred to a 
plastic container (150 mm in diameter, 50 mm in depth) with full of damp 
wood chips. Temperature fluctuations did not exceed ±1 °C. 
 
Determination of the parental sensitive stage 
In L. sericata, the induction of larval diapause is influenced by 
photoperiod and temperature experienced by the larvae themselves and by 
their parents. When larvae are reared under LD 12:12 at 20 °C, the incidence 
of diapause depends on the parental conditions: no larvae of parents exposed 
to LD 16:8 at 25 °C enter diapause, whereas most larvae of parents exposed 
to LD 12:12 at 20 °C enter diapause (Chapter 1). In the present study, insects 
of the laboratory culture were exposed to different combinations of LD 16:8 
at 25 °C and LD 12:12 at 20 °C in the larval, pupal and adult stages as the 
parental generation. After adult emergence, about 100 flies were maintained 
in a container and small pieces of beef liver were supplied every day for 
ovarian development and also as oviposition site. These flies began to lay 
eggs 5 days and 10 days after adult emergence at 25 °C and at 20 °C, 
respectively. Egg batches were collected twice to nine times. Newly hatched 
larvae were reared under LD 12:12 at 20 °C. The insects that remained in the 
larval stage for 15 days or more after cessation of feeding were regarded as 
being in diapause (Chapter 1). There was no significant correlation between 
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 the parental age and the incidence of diapause in this species (Chapter 1), and 
the maternal age at oviposition ranged between 5 and 23 days in this 
experiment. 
 
Reciprocal crosses 
Insects of the parental generation were kept under LD 16:8 at 25 °C until 
adult emergence. Female and male adults were kept separately, and both they 
were kept under LD 16:8 at 25 °C or LD 12:12 at 20 °C. Females and males 
were introduced into a same container for mating at room temperatures of 
23-26 °C, 10-12 days after adult emergence. After 6 h, they were returned to 
the original conditions. Small pieces of beef liver were supplied, 1 day after 
adult emergence and after mating. Newly hatched larvae from eggs produced 
by these parents were reared under LD 12:12 at 20 °C, and their diapause 
status was examined. Egg batches were collected three times. The maternal 
age at oviposition ranged between 15 and 24 days in this experiment. 
 
Statistical analysis 
The results in the incidence of diapause were statistically examined by 
ANOVA after arcsine transformations modified by Freeman and Tukey 
(1950) (see Zar 1999, p. 280). 
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 Results 
 
Most larvae produced by parents kept under LD 16:8 at 25 °C as adults 
failed to enter diapause, irrespective of the conditions in the larval and pupal 
stages (Fig. 4, upper column). However, most larvae produced by parents 
under LD 12:12 at 20 °C as adults entered diapause (Fig. 4, lower column). 
The diapause incidence in the progeny was significantly influenced by the 
conditions in the adult stage of the parents, although the conditions 
experienced by the parents in the larval and pupal stages had no significant 
effect on diapause incidence of the progeny. There was a significant effect in 
two-factor interaction between conditions in the pupal and adult stages 
(Table 2). Thus, the diapause incidence of progeny was predominantly 
determined by the conditions experienced by parents in the adult stage. 
Most larvae produced by mothers kept under LD 16:8 at 25 °C in adult 
stage did not enter diapause, whether the fathers experienced LD 16:8 at 
25 °C or LD 12:12 at 20 °C (Fig. 5, upper column). However, a greater 
proportion of larvae produced by mothers kept under LD 12:12 at 20 °C as 
adults entered diapause (Fig. 5, lower column). The diapause incidence of 
progeny was significantly influenced by the conditions experienced by 
mothers, but not by the conditions experienced by fathers (Table 3). Thus, the 
diapause incidence of the progeny was exclusively determined by the 
conditions experienced by mothers. 
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 Discussion 
 
In the blow flies that have diapause in the post-feeding larval stage, it has 
been believed that the parental sensitive stage for induction of diapause is the 
adult (Danks, 1987). In the studies that showed the parental effects on the 
induction of larval diapause in blow flies, however, parental generation was 
kept under same conditions before and after adult emergence (Ring, 1967b; 
Vinogradova and Zinovjeva, 1972; Vinogradova, 1974; Saunders, 1987). 
Therefore, earlier developmental stages may have sensitivity to 
environmental conditions with regard to induction of diapause in their 
progeny. In fact, there are a few insects in which the parental sensitive stage 
for induction of larval diapause is reported to be other than the adult 
(Saunders, 1966; Anderson and Kaya, 1974; Milonas and 
Savopoulou-Soultani, 2000). 
In L. sericata, however, the present results with LD 16:8 at 25 °C and LD 
12:12 at 20 °C conditions show that adults are the primary stage for parental 
induction of diapause and the conditions in the larval and pupal stages had no 
significant effects. Although the conditions in the larval or pupal stages may 
have significant effects on incidence of diapause in progeny if parental adults 
are kept under moderate conditions, the conditions in the adult stage 
predominantly determine the diapause in L. sericata. In this species, 
short-day and low-temperature conditions experienced by the larvae 
themselves also have diapause-inducing effects (Chapter 1). However, larvae 
of L. sericata live in feces or carrion, and pupariate in the soil at 15-30 cm 
depths (Davies, 1934). Therefore, adults of parental generation seem the 
most proper stage to receive environmental information for induction of 
diapause in the post-feeding larval stage. 
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 In most insects in which parental influence on diapause was described, it 
has been believed that diapause of progeny is regulated maternally, without 
examining whether the mother or the father influence the expression of 
diapause in the progeny. This is the case in C. vicina, L. caesar, and L. 
sericata also (Ring, 1967b; Vinogradova and Zinovjeva, 1972; Vinogradova, 
1974; Saunders et al., 1986; Saunders, 1987). In the flesh fly, Sarcophaga 
bullata if parents experienced short-day conditions, they completely prevent 
the expression of pupal diapause in their progeny even under 
diapause-inducing conditions (Henrich and Denlinger, 1982). Furthermore, 
the results of reciprocal crosses demonstrated that only the mother’s 
experience is involved in this inhibition of diapause in the progeny (Henrich 
and Denlinger, 1982). In L. sericata also, the present results of reciprocal 
crosses show that the diapause in the progeny is controlled only by the 
mother. Mother’s experience of the environment can be transmitted to the 
progeny through factors in the egg cytoplasm, and these factors influence the 
development of the progeny. In the silkworm, Bombyx mori with maternally 
controlled embryonic diapause, molecular mechanisms of maternal effects 
have been studied (Yamashita, 1996). In the cases in which the expression of 
the maternal effect occurs much later in the development of the progeny, 
however, no or little information has been acquired. 
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 Chapter 3 
 
Effects of Temperature and Photoperiod on the Termination of Diapause 
 
Abstract 
 
Larvae of the blow fly, Lucilia sericata, enter diapause in the third instar 
after cessation of feeding. The effects of temperature and photoperiod on the 
termination of diapause were examined. The diapause terminated 
spontaneously under the diapause-inducing condition of 20 °C and LD 12:12, 
although pupariation was not synchronous. Diapause development proceeded 
under a low temperature of 7.5 °C. Transfer to long-day conditions of LD 
16:8 or to a high temperature of 25 °C induced prompt and synchronous 
pupariation. Low temperatures in winter probably play a predominant role in 
the termination of diapause under natural conditions. 
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 Introduction 
 
The blow fly, Lucilia sericata, enters diapause and overwinters as a 
post-feeding larva just before puparium formation (Davies, 1929). Cragg and 
Cole (1952) have shown that the diapause incidence of the progeny produced 
by wild females increases as the winter approaches when the progeny are 
reared under constant laboratory conditions. Moreover, I have shown in L. 
sericata that short-day and low-temperature conditions in the parental and 
larval generations synergistically act on the induction of diapause (Chapter 
1). 
The effects of environmental factors on the termination of larval 
diapause have also been examined in Lucilia by several authors. Lees (1955) 
has suggested that low temperature is the normal stimulus required to 
terminate diapause under field conditions, based on the results of Roubaud 
(1922) in which a low temperature causes prompt pupariation after a return 
to high temperatures in L. sericata. In L. caesar, there are two contradictory 
results: Ring (1968) has shown a prominent effect of low temperature on 
diapause termination, although Fraser and Smith (1963) have observed little 
effect. 
Diapause in many temperate insects can be terminated by photoperiod 
and high temperature as well as low temperature (Tauber et al., 1986; Danks, 
1987; Hodek and Hodková, 1988; Hodek, 2002). In Lucilia, Ring (1968) has 
surmised that photoperiod is unlikely to play an important role in the 
termination of diapause, with no evidence supporting this assumption. 
Diapause termination by photoperiod and high-temperature has been reported 
only in Calliphora vicina among blow flies with larval diapause 
(Vinogradova, 1974). Therefore, the effects of environmental factors on 
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 termination of larval diapause in L. sericata are still open to argument. 
The present study aims to clarify the effects of temperature and 
photoperiod on diapause termination in L. sericata, and the correlation 
between the duration of diapause and these environmental factors was also 
examined. 
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 Materials and Methods 
 
Insects 
A laboratory culture of L. sericata used and rearing methods were the 
same as those in Chapter 2. 
 
Experimental culture 
Insects of the parental generation were reared under LD 12:12 at 20 °C 
on an artificial diet (Tachibana and Numata, 2001). Newly hatched larvae 
produced by these parents were reared in a 500-ml beaker under LD 12:12 at 
20 °C. Mature larvae were transferred to a plastic container (150 mm in 
diameter, 50 mm in depth) full of damp wood chips kept under LD 12:12 at 
20 °C. Under these conditions, most larvae enter diapause (Chapter 1). 
Fifteen days after cessation of feeding, the larvae that had not pupariated 
were regarded as being in diapause (Chapter 1), and transferred to petri 
dishes (50 mm in diameter, 10 mm in depth) with moistened cotton wool. 
These diapause larvae were kept under LD 12:12 at 7.5 °C for 0-60 days 
or under LD 12:12 at 20 °C for 10-30 days. They were then transferred to LD 
12:12 at 20 °C, LD 16:8 at 20 °C, or LD 12:12 at 25 °C. Some diapause 
larvae were transferred to five different photoperiods at 20°C, i.e., LD 12:12, 
LD 13:11, LD 14:10, LD 15:9 and LD 16:8. Newly formed puparia were 
counted daily. 
In addition, newly hatched larvae produced by parents kept under LD 
12:12 at 20 °C were reared under the above five photoperiods at 20 °C, and 
the diapause incidence was examined. 
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 Results 
 
Figure 6 shows the effect of low temperature on the termination of larval 
diapause. When diapause larvae were continuously kept under LD 12:12 at 
20 °C, pupariation was not synchronous and the median of larval duration 
was 61.5 days. In larvae returned to LD 12:12 at 20 °C after exposure to a 
low temperature of 7.5 °C under LD 12:12 for 10 days, larval duration after 
the return to 20 °C was significantly shorter than that in insects without 
exposure to the low temperature, although their pupariation was still 
asynchronous. In larvae exposed to the low temperature for 20 days, larval 
duration was significantly shorter and pupariation was more synchronous. As 
the period of low temperature was longer, larval duration after the return to 
20 °C was shorter and pupariation was more synchronous. All the larvae 
pupariated within 8 days of the return to 20 °C from exposure to the low 
temperature for 30 days or more. 
When diapause larvae were transferred to LD 16:8 at 20 °C without 
exposure to low temperature, larval duration was significantly shorter than 
that in larvae kept continuously under LD 12:12 at 20 °C (Mann-Whitney U 
test, P < 0.01). The median of larval duration in the former condition was 15 
days. When larvae were transferred to LD 16:8 at 20 °C after exposure to a 
low temperature of 7.5 °C, the larval duration at 20 °C was shorter as the 
period of low temperature lengthened (Fig. 7). 
The effects of high temperature on the termination of larval diapause 
were examined by the transfer of diapause larvae to a high temperature of 
25 °C under LD 12:12 (Fig. 8). When transferred to the high temperature, the 
larval duration was significantly shorter than that in larvae kept continuously 
under LD 12:12 at 20 °C (Mann-Whitney U test, P < 0.01). The median of 
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 larval duration in the former condition was 8.5 days. When larvae were 
transferred to the high temperature after exposure to a low temperature of 
7.5 °C, larval duration at 25 °C was shorter as the period of the low 
temperature lengthened to 40 days. All the larvae pupariated within 3 days at 
25 °C after exposure to the low temperature for 30 days or more. However, 
larval duration after 60 days’ exposure to the low temperature was a little 
longer than that after 40 days’ exposure. 
Furthermore, the effects of the long-day photoperiod and high 
temperature without exposure to low temperature were examined. Diapause 
larvae were kept under the conditions in which they were raised (LD 12:12 at 
20 °C) for 10, 20 or 30 days, and then transferred to LD 16:8 at 20 °C or LD 
12:12 at 25 °C. There was no significant difference in larval duration after 
transfer to the long-day conditions between insects with and without 
exposure to a low temperature (Figs. 7 and 9A; Mann-Whitney U test, P > 
0.05). After the transfer to the high temperature, a significant difference was 
found in larval duration only between insects kept at 20 °C and those kept at 
7.5 °C for 30 days (Figs. 8 and 9B; Mann-Whitney U test, P < 0.01). Thus, 
the effects of the long-day photoperiod and high temperature drastically 
shortened larval duration, and the effects of low temperature were not 
detectable in most cases. 
Larval duration without exposure to low temperature was quite different 
between diapause larvae kept continuously under LD 12:12 at 20 °C (Fig. 6) 
and those transferred to LD 16:8 at 20 °C (Fig. 7). Therefore, larval duration 
was examined in diapause larvae transferred to various photoperiods at 20 °C 
(Fig. 10A). Larval duration was significantly longer in insects kept 
continuously under LD 12:12 than that in any other photoperiod. There was 
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 no significant difference in larval duration among LD 14:10, LD 15:9 and 
LD 16:8. Larval duration in larvae transferred to LD 13:11 was intermediate 
between those kept under LD 12:12 and those transferred to LD 14:10, LD 
15:9 or LD 16:8. 
The effects of various photoperiods on the induction of larval diapause 
were also examined (Fig. 10B). The diapause incidence in larvae reared 
under LD 14:10, LD 15:9 and LD 16:8 was very low (0-1.2%). More than 
60% of insects entered diapause under LD 12:12. The diapause incidence 
under LD 13:11 was intermediate between that of LD 12:12 and that of 
longer photoperiods. 
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 Discussion 
 
In many insects in temperate regions, diapause development is promoted 
and completed by low temperature, and morphogenesis then resumes when 
temperatures rise, so that hatch or emergence are synchronized in spring 
(Danks, 1987). However, the requirement of low temperature for the 
completion of diapause development has been overgeneralized (Hodek and 
Hodková, 1988). In many species, diapause terminates spontaneously under 
the conditions above a lower thermal threshold (Tauber et al., 1986; Danks, 
1987; Hodek and Hodková, 1988; Hodek, 2002). In L. sericata also, larval 
diapause terminated spontaneously when kept continuously under the 
diapause-inducing condition of 20 °C and LD 12:12, although pupariation 
was not synchronized. 
Although diapause in L. sericata terminated without exposure to a low 
temperature, a low temperature induced prompt and synchronous pupariation. 
The necessary period of low temperature exposure for diapause termination 
is usually approximately 10 weeks or more (Tauber et al., 1986; Danks, 
1987). In L. caesar, the optimal period of exposure to a low temperature for 
diapause termination is approximately 12 weeks and exposure of 4 or 8 
weeks has no or little effect (Ring, 1968). In L. sericata, however, low 
temperature exposure leading to diapause termination was much shorter than 
that in L. caesar, and even 10-day exposure to a low temperature had a 
significant effect for shortening the duration of diapause. Because Ring 
(1968) used 5 °C as a low temperature, which is different from the low 
temperature of 7.5 °C in the present study, it is not appropriate to compare 
the results of these two studies directly. However, one possible reason for the 
different responses is that the climate in the origin of these laboratory 
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 cultures is different: L. caesar used by Ring (1968) originated from Glasgow 
(55.8 °N), and L. sericata in the present study was from Osaka (34.7 °N) 
with moderate winter. The mean monthly temperature is lower than 10 °C for 
7 months in Glasgow and 4 months in Osaka. 
In many insects, diapause can be terminated not only by exposure to low 
temperatures but also by transfer to higher temperatures (Tauber et al., 1986; 
Danks, 1987; Hodek and Hodková, 1988). However, an increase in 
temperature is inevitable for the resumption of morphogenesis after exposure 
to a low temperature. It is therefore difficult to distinguish the effects of high 
temperature in the later period from the effects of the increase in temperature 
(Danks, 1987). For example, a transfer of diapause larvae in C. vicina from 
5 °C to 20 or 25 °C without changing the photoperiod induces prompt and 
synchronous pupariation, although a transfer from 5 °C to 12 °C is not as 
effective (Vinogradova, 1991; see Hodek, 2002 also). It is not clear whether 
higher temperatures or larger increases in temperature are effective for 
prompt diapause termination. In L. sericata, however, not only a transfer 
from 7.5 °C to 25 °C but also a transfer from 20 °C to 25 °C induced prompt 
and synchronous pupariation. Moreover, a transfer from 20 °C to 25 °C was 
much more effective than a transfer from 7.5 °C to 20 °C. Therefore, a high 
temperature of 25 °C itself has a stimulating effect on diapause termination 
in this species. In C. vicina, high temperatures prevent the induction of 
diapause programmed by the short-day conditions in the parental generation 
(Vinogradova and Zinovjeva, 1972; Saunders et al., 1986). Chernysh et al. 
(1995) have shown that the sensitivity to high temperatures is restricted to 
the post-feeding stage, and regard this response as an adaptation for 
producing an additional generation in a relatively warm autumn. In L. 
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 sericata, however, it is unlikely that larvae enter diapause once under 
short-day conditions and moderate or low temperatures in autumn, and then 
terminate it in response to unusually high temperatures in late autumn to 
produce an additional generation within the year. 
In Lucilia, it has been thought that photoperiod does not play an 
important role in the termination of diapause (Ring, 1968) because diapause 
larvae of Lucilia usually burrow and overwinter in the soil (Davies, 1934). 
The present results indicate that long-day conditions are effective in the 
termination of diapause in L. sericata. Moreover, this species responded 
quantitatively to photoperiod in diapause termination, with an intermediate 
duration of diapause under LD 13:11, in which the diapause incidence was 
also intermediate between LD 12:12 and longer photoperiods. This 
coincidence suggests that the same mechanism underlies the photoperiodic 
responses for the termination and induction of diapause. Such a coincidence 
of the two parameters is found in many other species (Tauber et al., 1986). 
It has been shown in many temperate species with winter diapause that 
long-day conditions terminate diapause in the laboratory. In most of these 
species, however, insects usually show a progressive loss in their sensitivity 
to photoperiod as diapause development proceeds, and by midwinter 
photoperiodic sensitivity has ceased under natural conditions (Tauber et al., 
1986; Danks, 1987). In L. sericata also, larvae enter diapause under 
short-day conditions and low or moderate temperatures in autumn, and 
diapause development proceeds at low temperatures in winter. Therefore, 
long-day conditions in spring probably play no role in the termination of 
diapause under natural condition, even if diapause larvae can receive 
photoperiodic information in the soil. 
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 Chapter 4 
 
Transcriptional Regulation of Heat-Shock Proteins, Hsp23, Hsp70 and 
Hsp90, in Relation to Diapause 
 
Abstract 
 
Genes encoding Hsp23, Hsp70 and Hsp90 were cloned in Lucilia 
sericata to investigate their function during and after diapause. Expression of 
Hsp23 and Hsp70 mRNAs were quite low irrespective of the developmental 
stages of nondiapause larvae and the ages of diapause ones. Expression of 
Hsp90 transcripts was regulated developmentally in nondiapause larvae; i.e., 
it was at low levels after cessation of feeding but was considerably 
upregulated a day before pupariation. In diapause larvae, although the level 
of Hsp90 mRNA was at a low level during diapause likewise Hsp23 and 
Hsp70, it was upregulated after transferring to diapause-terminating 
conditions. These results suggest that expression of Hsp23 and Hsp70 are not 
regulated in response to diapause, whereas Hsp90 is involved in the diapause 
termination process. 
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 Introduction 
 
When organisms are exposed to a variety of stresses such as extremes of 
temperature, anoxia and various toxic substances, they synthesize a small set 
of proteins called heat-shock proteins (Hsps) which act as molecular 
chaperones preventing protein aggregation and promoting proper refolding of 
denatured proteins. Hsps have been highly conserved throughout evolution, 
at the levels of gene sequence, genomic organization, gene expression, and 
protein structure and function (Lindquist and Craig, 1988; Parsell and 
Lindquist, 1993; Feder and Hofmann, 1999). In insects, Hsps are subdivided 
into three categories on the basis of sequence similarity and typical 
molecular weight; i.e. the small Hsps with molecular masses ranging 20-30 
kDa, Hsp70 family with molecular mass of approximately 70 kDa and Hsp90 
family with higher molecular mass (Denlinger et al., 2001). 
Hsps expression not only is induced by a variety of stresses, but also 
characteristically occurs during the various developmental stages (Feder and 
Hofmann, 1999). In addition, a few studies have indicated that Hsps 
expression is coincident with expression of insect diapause (Denlinger, 2002). 
For example, in the flesh fly Sarcophaga crassipalpis, transcripts of Hsp23 
and Hsp70 in diapause pupae are highly upregulated without temperature 
stress, and levels of the transcripts are declined when diapause was 
terminated (Yocum et al., 1998; Rinehart et al., 2000). In addition, there is an 
accumulation of data suggesting the involvement of Hsps in the dormancies 
of organisms ranging from yeast to mammal (reviewed by Denlinger, 2002). 
However, there are some exceptions. For example, in the fruit fly Drosophila 
triauraria, all of Hsps studied are not expressed during diapause, suggesting 
that they are not involved in expression of diapause (Goto et al., 1998; Goto 
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 and Kimura 2004). 
Here I investigated expressions of 3 Hsps (Hsp23, Hsp70 and Hsp90) in 
diapause larvae of Lucilia sericata. In the present study, expression of Hsp23 
and Hsp70 was quite low at prediapause and diapause stages, suggesting that 
they are not involved in diapause of this species. In addition, all of the 
environmental changes promoting diapause termination induced Hsp90 
expression, suggesting that Hsp90 is involved in diapause termination 
processes. 
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 Materials and Methods 
 
Insect rearing 
Induction of larval diapause in L. sericata is influenced by photoperiod 
and temperature experienced both by larvae themselves and by their parents 
(Chapter 1). In this experiment, the larvae and their parents were reared 
under LD 16:8 at 20 °C and LD 12:12 at 20 °C as diapause-averting and 
diapause-inducing conditions, respectively. The larvae were reared on an 
artificial diet (Tachibana and Numata, 2001). Under diapause-inducing 
conditions, insects that remained in the larval stage 15 days after cessation of 
feeding were regarded as being in diapause (Chapter 1). 
 
Heat shock 
Groups of five larvae just after cessation of feeding under LD 16:8 at 
20 °C were exposed to 40 °C for 15-120 min. 
 
Diapause termination by temperature and photoperiodic treatments 
As shown in Chapter 3, diapause of this species is possible to be 
terminated by altering temperature or photoperiod. Here larvae in diapause 
were transferred to short-day conditions (LD 12:12 at 20 °C) after low 
temperature treatment (LD 12:12 at 7.5 °C) for 30 days. In addition, larvae in 
diapause were transferred to short-day and moderately high temperature 
conditions (LD 12:12 at 25 °C) or long-day conditions (LD 16:8 at 20 °C) 
after maintaining under short-day conditions for 30 days. 
 
Extraction of total RNA 
Total RNA was isolated from larvae or pupae using TRIzol® reagent 
(Invitrogen) according to supplier’s instruction. Isolated RNAs were 
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 dissolved in water or formamide and stored at -20 °C. 
 
Clone development and sequencing 
The partial clones for L. sericata Hsp23, Hsp70 and Hsp90 were 
developed by RT-PCR from an RNA pool derived from wandering larvae 
exposed to a heat shock (40 °C for 60 min). Primers were designed on the 
basis of the consensus sequences among several dipteran species. Nucleotide 
sequences of the primers for Hsp23 were, 5´ to 3´, CCA NTN TTG TTG 
AGC CTT and CGG CGN ACA AAG TGA CG, those for Hsp70 were CGC 
CAA RGA RAT GAG CAC and CTC CTT DTC GGC RGT GGT, and those 
for Hsp90 were GAG ATG GAN ACN GAT GAG CCC AA and TCG CAG 
TTG TCC ATG ATG AA. Reverse transcription was achieved using oligo 
(dT) primer and M-MLV reverse transcriptase (Invitrogen) according to 
supplier’s instruction. PCR was conducted using 1 U of Platinum® Taq DNA 
Polymerase (Invitrogen) in a final concentration of 1 x PCR buffer as 
formulated by Invitrogen, 1.5 mM of MgCl2, 0.2 mM of dNTP and 0.2 µM of 
each primer set in a total volume of 25 µl. PCR conditions consisted of 2 min 
at 94 °C, followed by 35 cycles of 15 s at 94 °C, 15 s at 50 °C, and 40 s at 
72 °C, with a final extension period of 7 min at 72 °C. PCR products were 
purified using Wizard® SV Gel and PCR Clean-Up System (Promega), and 
subcloned with pGEM®-T Easy Vector Systems (Promega). Plasmids were 
purified with Wizard® Plus SV Minipreps DNA Purification System 
(Promega) and sequenced with Dual CyDye Terminator Sequencing Kit 
(Amersham Biosciences) and Long-Read Tower DNA sequencer (Amersham 
Biosciences). Sequences for Hsp23, Hsp70 and Hsp90 are deposited on 
DDBJ/EMBL/GenBank as the accession numbers AB118968, AB118969, 
and AB118970, respectively. 
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 Northern blot hybridization 
Equal amounts (50 µg) of total RNA were electrophoresed on 1 % 
denaturing gels, transferred to a Hybond-N+ nylon membrane (Amersham 
Biosciences) using Turbo Blotter® (Schleicher and Schuell) and crosslinked 
by UV (120 mJ/cm2), according to Sambrook and Russell (2001). 
Hsp23, Hsp70 and Hsp90 clones from L. sericata were used as templates 
to generate DNA probes using a PCR DIG Probe Synthesis Kit (Roche). 
Hybridization and detection were performed using DIG-High Prime DNA 
Labeling and Detection Starter Kit II (Roche) according to the supplier’s 
instruction. Chemiluminescent signals were detected by a chemiluminescent 
image analyzer (LAS-1000, FUJIFILM). 
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 Results 
 
Clone development 
Amplification for Hsp23, Hsp70 and Hsp90 using each primer set 
resulted in a single band. These fragments were subcloned and sequenced. 
Finally, 360, 262 and 334 bases of nucleotide sequences for Hsp23, Hsp70 
and Hsp90 were determined, respectively. 
Deduced amino acid sequence of Hsp23 from L. sericata was highly 
conserved when compared with that from S. crassipalpis (78.3 %), whereas it 
was poorly conserved when compared with that from D. melanogaster 
(40.8 %) (Fig. 11A). HSP20 (alpha crystallin) domain that is widely found in 
the members of the small Hsp family was detected in the sequence. Deduced 
amino acid sequences of Hsp70 and Hsp90 from L. sericata were highly 
conserved when compared with those from other Dipteran species 
(72.4 %-88.6 % identity for Hsp70 and 86.8 %-96.4 % one for Hsp90, 
respectively) (Fig. 11B,C). 
 
Heat shock response 
Transcripts of Hsp23, Hsp70 and Hsp90 were at low levels in 
nondiapause larvae reared at a normal temperature of 20 °C, while their 
expressions were considerably induced by 15 min of heat shock (Fig. 12). 
Prolonged heat shock was not effective for the expression; i.e., all of the 
transcripts were decreased with the duration of the exposure. 
 
Expression of Hsp23, Hsp70 and Hsp90 during diapause and nondiapause 
development 
Expression of Hsp23 and Hsp70 transcripts were quite low and showed 
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 no differences in levels irrespective of the developmental stages of 
nondiapause larvae and the ages of diapause ones (Fig. 13). 
Hsp90 transcripts were also at low level in nondiapause larvae just after 
the cessation of feeding (day 0). However, expression of the transcripts 
increased drastically at a day before pupariation (day 3). On the day of 
pupariation (day4), the level was slightly decreased. By contrast to 
nondiapause larvae, Hsp90 showed no such upregulation and remained at 
low levels throughout the course of diapause. 
 
Expression of Hsp90 when diapause was terminated 
When diapause was terminated by low temperature treatment at 7.5 °C 
for 30 days followed by transfer to 20 °C, expression of Hsp90 transcripts 
rapidly increased and reached the maximum level at 6 h (Fig. 14). In addition, 
transfer of diapause larvae to a moderately high temperature also induced 
Hsp90 expression (Fig. 15A). Moreover, when diapause larvae were 
transferred to the long-day photoperiod at the onset of photophase (Fig. 15B), 
transcripts of Hsp90 began to increase from 48 h after the transfer; i.e., after 
the reception of two cycles of long day. 
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 Discussion 
 
Deduced amino acid sequence of Hsp23 from L. sericata shows high 
similarity with that from S. crassipalpis, whereas it is poorly conserved when 
compared with that from D. melanogaster. This is consistent with the 
previous reports; i.e., the members of the small Hsps family are diversified 
and their amino acid sequences are poorly conserved (reviewed by Denlinger 
et al., 2001). Deduced amino acid sequences of Hsp70 and Hsp90 from L. 
sericata were highly conserved when compared with the members of each 
family from other dipteran species (see Fig. 11). 
Expression of all of the genes investigated in the present study were 
considerably induced by heat shock, suggesting that all of the genes are 
stress-inducible forms, not pseudogenes that lose the actual function or 
cognate forms that are constitutively expressed. 
Transcriptional regulation of Hsp23 and Hsp70 in response to diapause 
has been extensively studied in S. crassipalpis. Transcripts of Hsp23 and 
Hsp70 are upregulated during diapause even in the absence of thermal stress 
and their expression persists throughout diapause but declines within 12 h 
after termination of diapause (Yocum et al., 1998; Rinehart et al., 2000). In 
addition, there is an accumulation of data showing that genes belonging to 
the small Hsps and Hsp70 families are upregulated during dormancies of 
several species ranging from yeast to mammal (reviewed by Denlinger et al., 
2001). According to these results, Denlinger et al. (2001) established 2 
hypotheses; (1) Hsp23 and Hsp70 are involved directly in the cell cycle 
arrest during dormancy, (2) they functions as part of the increased stress 
resistance characteristic of dormant individuals. The former hypothesis is not 
accepted by the present study because expression of Hsp23 and Hsp70 
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 transcripts are not upregulated during diapause in L. sericata. Similar results 
were also observed in D. triauraria (Goto et al., 1998; Goto and Kimura, 
2004) and the gypsy moth Lymantria dispar (Yocum et al., 1991; Denlinger 
et al., 1992). Goto and Kimura (2004) emphasized the latter hypothesis by 
comparing cold tolerance and Hsps expression during diapause in a few 
insects. However, there is still limited information on cold tolerance in 
insects in which Hsps expression has been investigated. A more extensive 
study must be undertaken to determine how widespread the association 
between the Hsp23 and Hsp70 expression and insect diapause is. 
In insects, relation between Hsp90 expression and diapause has been 
investigated only in S. crassipalpis. Hsp90 expression is downregulated 
during diapause, but it is realized when hexane application promotes 
ecdysteroids secretion that terminates diapause (Rinehart and Denlinger, 
2000). Similar results were obtained in the present study. In L. sericata, 
Hsp90 expression remains at low levels during diapause, but all of the 
environmental changes that terminate diapause clearly induce Hsp90 
expression. It seems that low levels of Hsp90 expression during diapause and 
induction upon diapause termination are common both in larval and pupal 
diapause. Although the mechanisms that regulate Hsp90 expression in such a 
manner remain unresolved, ecdysteroids would play a crucial role. It is well 
known that diapause is associated with the lack of ecdysteroids, and 
ecdysteroid titres rapidly increase when diapause was terminated in the blow 
fly Calliphora vicina with the similar mechanisms of larval diapause in L. 
sericata (Richard et al., 1987), as well as in Sarcophaga spp. with pupal 
diapause (Ohtaki and Takahashi, 1972; Warker and Denlinger, 1980; 
Denlinger, 1985). In addition, it has been revealed that the presence of 
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 ecdysteroids leads to upregulation of Hsp90, and the removal of ecdysteroids 
causes downregulation of the gene (Thomas and Lengyel 1986). Additional 
evidence supports this that in nondiapause larvae of L. sericata, Hsp90 
expression increased toward pupariation that would be promoted by 
ecdysteroids. 
It is noteworthy that expression of Hsp90 transcripts began to increase 
from 48 h after transferring diapause larvae to long-day photoperiod. This 
suggests that no more than two cycles of long-day photoperiod alter gene 
expression that might be involved in diapause termination. Such a prompt 
response to photoperiodic changes has been reported in larval diapause of the 
drosophilid fly Chymomya costata (Kostal et al., 2000). In this species, 
growth of the central nervous system and prothoracic wing discs of third 
instar larvae (age 12 days) is continued when the larvae are kept under 
long-day conditions, whereas ceased immediately after the transfer from 
long-day to short-day conditions at the age of 14 days, i.e., perception of two 
cycles of short-day blocks the growth. Hsp90 expression in L. sericata brings 
up a fascinating query on the system that influences expression of a gene 
with only a few light-dark cycles. 
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 General Discussion 
 
The regulation of seasonal development by photoperiod and temperature 
is commonly found in many insects. Daylength is a highly reliable and 
frequent cue to seasonal position, and photoperiod can be monitored from the 
presence or absence of light, or from the two rapid daily changes of signal 
level (light-dark and dark-light) (Danks, 1987). Therefore, utilization of the 
photoperiodic information seems to be reasonable for seasonal adaptations in 
the insects. From the complexity of clock mechanisms in insects (see 
Saunders, 2002), we can perceive their dependence on photoperiodic 
information. 
On the other hand, temperature is easily affected and varied by 
unpredictable factors, e.g., atmospheric movements and rainfall. Although 
temperature is less reliable cue comparing with daylength because of its 
variability, most insects utilize temperature for the regulation of diapause. 
However, temperature fluctuation follows regular seasonal patterns. Thus, 
insects can roughly realize their seasonal position. Moreover, temperature 
can be a dominant cue in some specific conditions such as in the soil, 
because daily and day-to-day variations of temperature are smaller and 
temperature can be more reliable cue, whereas photic information cannot be 
received in such sheltered sites. 
In Lucilia sericata also, photoperiod and temperature are important 
environmental factors for the regulation of diapause (Chapter 1, 2, 3 and 4). 
The property, that short daylength at low temperature and long daylength at 
high temperature conditions act as diapause-inducing and diapause-averting 
conditions, respectively, exactly indicates that this species enter diapause for 
overwintering as mentioned by Davies (1929). 
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 Modification of diapause by the parental generation is often found in 
insects. The responsible environmental factors and the developmental stage 
that is sensitive to these factors have been reported on the parental 
modification of diapause. In blow flies including L. sericata also, it is 
confirmed that the parental effect for the induction of diapause are influenced 
by photoperiod and temperature. Moreover, the present results confirmed that 
adult in the parental generation is the most proper stage to receive the 
environmental information for induction of diapause in the post-feeding 
larval stage, and the induction of diapause is controlled maternally (Chapter 
2). Both the incidence and the intensity of progeny’s diapause are modified 
by the parental generation (Chapter 1). It indicates the complexity of the 
cascade in maternal modification of progeny’s diapause in L. sericata. 
Molecular events associated with modification of progeny’s diapause by 
the parental generation are known in embryonic diapause of the silkworm, 
Bombyx mori. In this species, diapause hormone, a neuropeptide released 
from suboesophageal ganglion, acts directly on the ovarioles to influence 
carbohydrate and polyol content of the egg, thereby determining the fate of 
the embryo (Yamashita et al., 2001). However, it unfortunately is likely to 
have little relevance to most other forms of parental modification of diapause, 
because there is no evidence that the diapause hormone produced by the 
parental generation is associated with the regulation of the progeny’s 
diapause in any other insects. How the mother can transfer the capacity for 
diapause or the lack thereof to her progeny remains a fascinating query. 
At present, it is known that a small number of genes are expressed in 
relation to diapause (Denlinger, 2000, 2002). As mentioned in Chapter 4, for 
example, expression of Hsp23 and Hsp70 mRNAs in Sarcophaga 
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 crassipalpis is upregulated during diapause (Yocum et al., 1998; Rinehart et 
al., 2000), and expression of Hsp90 mRNA in S. crassipalpis and L. sericata 
in the present study is also upregulated after treatments for the termination of 
diapause (Rinehart and Denlinger, 2000; Chapter 4). However, the cascade 
from recognition of the environmental signals for the induction and 
termination of diapause to expression of specific genes such as Hsps is 
absolutely unclear. As well as the molecular mechanisms of the maternal 
modification, this cascade is a remarkable subject for future studies. 
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Table 1. Four-way analysis of variance testing the effects of photoperiod and 
temperature in the parental (G0) and current (G1) generations on diapause 
incidence in the larvae of Lucilia sericata 
 
Effect d.f. MS F 
Photoperiod of the G0 (A) 1 24240.73 57.35**
Temperature of the G0 (B) 1 2318.51 5.49** 
Photoperiod of G1(C) 1 7714.80 18.25** 
Temperature of G1 (D) 4 10434.29 24.69** 
A x B 1 993.45 2.35** 
A x C 1 41.29 0.10** 
A x D 4 1437.77 3.40** 
B x C 1 523.62 1.24** 
B x D 4 668.39 1.58** 
C x D 4 262.39 0.62** 
A x B x C 1 665.76 1.58** 
A x B x D 4 457.73 1.08** 
A x C x D 4 195.58 0.46** 
B x C x D 4 890.51 2.11** 
A x B x C x D 4 357.17 0.85** 
Error 80 422.67 
 
Data were analyzed after arcsine transformations. Asterisks indicate 
probability levels (*P < 0.05; **P < 0.01). d.f., Degrees of freedom. MS, 
Mean square. 
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Table 2. Three-way analysis of variance testing the effect of the conditions in 
specific developmental stages in the parental generation on diapause 
incidence in progeny larvae of Lucilia sericata 
 
Effect d.f. MS F P 
Larval stage (A)   1 11.66 0.08 0.784
Pupal stage (B)   1 332.30 2.18 0.150 
Adult stage (C)   1 21065.88 138.19 < 0.001 
A x B   1 133.53 0.88 0.356 
A x C   1 129.25 0.85 0.364 
B x C   1 693.58 4.55 0.041 
A x B x C   1 69.07 0.45 0.506 
Error 32 152.44   
 
Data were analyzed after arcsine transformations modified by Freeman and 
Tukey (1950). d.f., Degrees of freedom. MS, Mean square. 
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Table 3. Two-way analysis of variance testing the effect of the conditions 
experienced by mothers and fathers on diapause incidence in progeny larvae 
of Lucilia sericata 
 
Effect d.f. MS F P 
Female (A) 1 5331.47 30.52 0.001
Male (B) 1 5.56 0.03 0.863 
A x B 1 32.88 0.19 0.676 
Error 8 174.68   
 
Data were analyzed after arcsine transformations modified by Freeman and 
Tukey (1950). d.f., Degrees of freedom. MS, Mean square. 
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Fig. 1. Relationship between temperature and larval development in 
the feeding stage. Solid circles, duration from hatching to cessation of 
feeding; open circles, developmental rate; line, simple linear 
regression (y = -0.1377 + 0.0152x; r = 0.9938; P < 0.001). n = 4052-
5099.
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Fig. 2. Incidence of larval diapause under various combinations of 
photoperiods and temperatures in the parental and current generations. 
Solid column, incidence of diapause. The results of three replications 
for each condition are shown. n = 39-619.
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Fig. 3. Effect of conditions in the parental generation on duration of 
the post-feeding stage in diapause larvae of the current generation 
under (A) LD 16:8 or (B) LD 12:12 at three different temperatures. The 
mean values followed by the same letter in each condition of the 
current generation were not significantly different at the 5 % level by 
the Tukey-test (Zar, 1999). *Excluded from the statistical analysis (n = 
1). Error bars indicate SD. n = 23-507, except *.
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Fig. 4. Diapause incidence in larvae observed with different 
combinations of parental conditions in the larval, pupal and adult 
stages. The larvae produced by these parents were reared under LD 
12:12 at 20 °C. Each column indicates one replication. n = 22-313.
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Fig. 5. Diapause incidence in larvae produced by parents that 
experienced LD 16:8 at 25 °C or LD 12:12 at 20 °C in the adult stage. 
The larvae produced by these parents were reared under LD 12:12 at 20 
°C. The results of three replications for each combination are shown. n 
= 80-268.
0 10 20 30 40 50 60 70 80 90
0
5
10
15
LD 12:12, 20°C
LD 12:12, 7.5°C
N
u
m
be
r 
o
f p
u
pa
ria
Days
0
5
10
15
0
5
10
15
0
5
10
15
0
5
10
15
0
5
10
15
0
5
10
15
a
b
c
d
d
d
d
N = 28
N = 22
N = 25
N = 16
N = 22
N = 25
N = 25
63
Fig. 6. Frequency distribution of pupariation in diapause larvae under 
LD 12:12 at 20 °C after exposure to LD 12:12 at 7.5 °C for 0-60 days. 
Both parental flies and progeny larvae were reared under LD 12:12 at 
20 °C, and diapause larvae 15 days after cessation of feeding were used. 
Triangles indicate the medians. Larval duration after return to LD 
12:12 at 20 °C was not significantly different between series with the 
same letter (P > 0.05, Steel-Dwass test). n = 16-28.
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Fig. 7. Frequency distribution of pupariation in diapause larvae under 
LD 16:8 at 20 °C after exposure to LD 12:12 at 7.5 °C for 0-60 days. 
Both parental flies and progeny larvae were reared under LD 12:12 at 
20 °C, and diapause larvae 15 days after cessation of feeding were used. 
Triangles indicate the medians. Larval duration after transfer to LD 
16:8 at 20 °C was not significantly different between series with the 
same letter (P > 0.05, Steel-Dwass test). n = 16-25.
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Fig. 8. Frequency distribution of pupariation in diapause larvae under 
LD 12:12 at 25 °C after exposure to LD 12:12 at 7.5 °C for 0-60 days. 
Both parental flies and progeny larvae were reared under LD 12:12 at 
20 °C, and diapause larvae 15 days after cessation of feeding were used. 
Triangles indicate the medians. Larval duration after transfer to LD 
12:12 at 25 °C was not significantly different between series with the 
same letter (P > 0.05, Steel-Dwass test). n = 18-19.
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Fig. 9. Frequency distribution of pupariation in diapause larvae under 
LD 16:8 at 20 °C (A) and LD 12:12 at 25 °C (B) after being kept under 
LD 12:12 at 20 °C for 10-30 days. Both parental flies and progeny 
larvae were reared under LD 12:12 at 20 °C, and diapause larvae 15 
days after cessation of feeding were used. Triangles indicate the 
medians. n = 18-25.
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Fig. 10. Effects of photoperiod on the termination (A) and induction 
(B) of larval diapause. (A) Both parental flies and progeny larvae were 
reared under LD 12:12 at 20 °C, and diapause larvae 15 days after 
cessation of feeding were transferred to various photoperiods at 20 °C. 
Larval duration is shown as median/interquartiles. Larval duration was 
not significantly different between conditions with the same letter (P > 
0.05, Steel-Dwass test). n = 23-26. (B) Parental flies were reared under 
LD 12:12 at 20 °C, and the progeny larvae were reared under various 
photoperiods at 20 °C. The incidence of diapause was not significantly 
different between conditions with the same letter (P > 0.05, Tukey-
type multiple comparison test for proportions). n = 40-87.
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Fig. 11. Amino acid sequences of Hsps in Lucilia sericata and other 
dipteran species. (A) Alignment of amino acid sequences of L. sericata 
Hsp23, Drosophila melanogaster Hsp23 and Sarcophaga crassipalpis 
Hsp23 (DDBJ/EMBL/GenBank accession numbers, AB118968, 
X03889 and U96099, respectively). (B) Alignment of amino acid 
sequences of L. sericata Hsp70 and D. melanogaster Hsp70Bb, 
Ceratitis capitata Hsp70 and Anopheles albimanus Hsp70 
(DDBJ/EMBL/GenBank accession numbers, AB118969, AF295955, 
Y08955 and M96661, respectively). (C) Alignment of amino acid 
sequences of L. sericata Hsp90, D. melanogaster Hsp83, S. 
crassipalpis Hsp90 and A. albimanus Hsp82 (DDBJ/EMBL/GenBank 
accession numbers, AB118970, AY122080, AF261773 and L47285, 
respectively). (* ) identical amino acid, (:) strong positive amino acid, 
(.) weaker positive amino acid, (-) alignment gap (analyzed with 
Clustal X (Thompson et al., 1997)). Closed boxes indicate the HSP20 
(alpha crystallin) domain detected by SMART program (Schultz et al., 
1998).
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Fig. 12. Expression of Hsp23 and Hsp70 (A) and that of Hsp90 (B) by 
heat shock. Nondiapause larvae just after cessation of feeding were 
exposed to 40 °C for 15, 30, 60 and 120 min. UC: untreated control. 
Ribosomal RNA stained by ethidium bromide is shown in each panel as 
a control for loading.
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Fig. 13. Expression of Hsp23 and Hsp70 (A) and that of Hsp90 (B) in 
nondiapause and diapause larvae after cessation of feeding. 
Nondiapause and diapause larvae were reared under LD 16:8 at 20 °C 
and LD 12:12 at 20 °C, respectively. Each number indicates days after 
cassation of feeding. In nondiapause individuals, pupariation occurred 
on day 4. HS: nondiapause larvae just after cessation of feeding were 
exposed to 40 °C for 15 min. For further explanation, see Fig. 12.
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Fig. 14. Expression of Hsp90 in diapause larvae following low 
temperature treatment. Larvae that maintained under LD 12:12 at 20 
°C for 15 days were kept under LD 12:12 at 7.5 °C for 30 days and 
returned to LD 12:12 at 20 °C. For further explanation, see Fig. 12.
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Fig. 15. Expression of Hsp90 in diapause larvae when exposed to a 
high temperature or a long-day photoperiod. Diapause larvae 
maintained under LD 12:12 at 20 °C for 45 days after cessation of 
feeding were transferred to LD 12:12 at 25 °C (A) or LD 16:8 at 20 °C 
(B). For further explanation, see Fig. 12.
